One contribution of 12 to a theme issue 'Bioinspired hierarchically structured surfaces for green science' .
Discovery of riblets in a bird beak (Rynchops) for low fluid drag Samuel 
Martin and Bharat Bhushan
Nanoprobe Laboratory for Bio and Nanotechnology and Biomimetics (NLBB), The Ohio State University, 201 West 19th Avenue, Columbus, OH 43210-1142, USA SM, 0000-0001-6679-119X; BB, 0000-0001-7161-6601
Riblet structures found on fast-swimming shark scales, such as those found on a mako shark, have been shown to reduce fluid drag. In previous experimental and modelling studies, riblets have been shown to provide drag reduction by lifting vortices formed in turbulent flow, decreasing overall shear stresses. Skimmer birds (Rynchops) are the only birds to catch fish in flight by flying just above the water surface with a submerged beak to fish for food. Because they need to quickly catch prey, reducing drag on their beak is advantageous. For the first time, riblet structures found on the beak of the skimmer bird have been studied experimentally and computationally for low fluid drag properties. In this study, skimmer replicas were studied for drag reduction through pressure drop in closed-channel, turbulent water flow. Pressure drop measurements are compared for black and yellow skimmer beaks in two configurations, and mako shark skin. In addition, two configurations of skimmer beak were modelled to compare drag properties and vortex structures. Results are discussed, and a conceptual model is presented to explain a possible drag reduction mechanism in skimmers.
This article is part of the themed issue 'Bioinspired hierarchically structured surfaces for green science'.
Introduction
Given the range of problems facing Nature's survival, creative solutions using Nature's toolbox have emerged. Scientists can use these solutions as inspiration for innovative engineering designs. For example, Nature has Riblets on the skin of a mako shark (adapted from [15] ) shown at two magnifications. (c) Vortices generated in turbulent flow shown on a flat and on a shark-inspired riblet surface (adapted from [25] ). On the flat surface, a vortex is near the surface and generates drag. With the riblet surface, a vortex is lifted away from the surface, reducing drag and creating an overall drag reduction.
provided and scientists have exploited antifouling from the lotus leaf, anti-reflectivity from the eyes of moths and self-cleaning from the lotus leaf and butterfly wings [1, 2] . There remain other problems scientists need to solve that Nature has already addressed. For example, researchers need solutions for decreasing drag in transportation and industrial fields [3, 4] . In the transportation field, low-drag surfaces on vehicles, aircraft and ships would yield fuel consumption savings, which reduces cost and use of environmental resources [2, 5, 6] . In the industrial field, low-drag surfaces could be applied to gas distribution and petroleum pipelines to decrease the required pumping energy [7] [8] [9] . The skin of fast-swimming sharks is a design inspiration for low-drag surfaces [6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Sharks are able to move quickly through turbulent water flow using a low energy input due to the surface features on their scales. These scales-called dermal denticles-have riblets, which are microscopic grooves aligned parallel to fluid flow. Adequately sized riblets lift streamwise vortices that are responsible for large shear stresses and drag. Streamwise vortices are approximately cylindrical vortices rotating along an axis in the streamwise direction. By lifting these vortices from a surface, shear stresses are decreased, resulting in low drag [20] [21] [22] [23] [24] [25] . This principle is illustrated with a mako shark that contains riblet structures that can lift vortices, as shown in figure 1 . In figure 1a a mako These riblets suggest low-drag surface properties.
in figure 1b at two magnifications. Figure 1c shows vortices on a flat and a shark-inspired, scalloped riblet surface. On a flat surface, the vortex remains close to the surface, generating high drag. Alternatively, on the shark skin-inspired, scalloped riblet surface, the vortex is lifted away from the surface. This lifting generates high drag at the riblet peaks and lower drag in the riblet valleys. With a greater surface area in the riblet valleys, an overall low-drag surface is created. This principle is the low-drag mechanism found in riblets.
Riblet structures have also been found on the beaks of skimmer birds (Rynchops). There are three species of the Rynchopidae family: Rynchops niger (black skimmer), found in North and South America; Rynchops flavirostris (yellow skimmer), found in Africa; and Rynchops albicollis (white skimmer), found in India and Southeast Asia [26] [27] [28] [29] [30] [31] . Figure 2a shows a photograph of a black skimmer. Adult black skimmers are approximately 400-500 mm in length with a 350-390 mm wingspan and weigh between 0.26 and 0.37 kg [32] . Using their long beaks with length of the order of 100 mm, these birds feed on small fish and crustaceans by catching them in flight. Skimmers are the only bird out of some 10 600 species to fly just above the water surface to fish for food. They have been recorded flying at speeds of 9-11 m s −1 when feeding [26, 33] . • when the beak is opening or closing. Water flows aligned with the riblets at an angle of the order of 0
• when the beak is fully opened. [15] . The skimmer gets its name from its unique feeding position, known as skimming, where the bird glides very close to the surface of the water with its lower beak submerged [26] [27] [28] 34, 35] . In this paper, we demonstrate that riblets found on the lower beak of skimmers help to reduce drag while in water. A low-drag surface on the beak would help reduce the time to capture prey, which results in an advantage in feeding. Two skimming postures are presented in figure 3 ; water flows either at an angle to the riblets or along the riblets. Water is more likely to flow at an angle to the riblets when the bird is either opening or closing its jaw, and water is more likely to flow along the riblets when the beak is fully extended.
We report the first study of skimmer beaks for low drag and their mechanism for drag reduction. Replicas of a black and yellow skimmer beak were studied for drag reduction in closedchannel, turbulent water flow, and then compared with mako shark skin. Two configurations of the riblet structures were studied to explore the differences between a partially opened beak and a fully opened beak. In addition, modelling of each configuration was carried out to understand the mechanisms of drag reduction. The experimental and computational data are compared, and a schematic of the drag mechanism is presented.
Experimental and computational procedure
In this section, first the sample fabrication process for creating two configurations of skimmer samples is described. Next, the experimental set-up for measuring the pressure drop is presented. Finally, the computational procedure for understanding the mechanism is explained. Moulding procedure to create a beak replica. First, silicone impression material is applied to the lower beak to create a negative replica. Epoxy resin is poured into the negative mould to create the beak replica.
(a) Fabrication process
Beak replicas of a black skimmer and a yellow skimmer were obtained through Prof. Wilhelm Barthlott at the NEES Institute for Biodiversity of Plants, Bonn, Germany. The birds came from the famous collection of Alexander Koenig, a German naturalist and zoologist. He acquired the yellow skimmer in 1899 and the black skimmer in 1903. Beak replicas were created using a twostep soft lithography technique. First, negative replicas were created for the lower beaks using a silicone impression material (Troll Factory), shown in figure 4. Next, positive replicas were created by pouring epoxy resin into the negative moulds.
The beak replicas were used to create a riblet surface for pressure drop measurements in a flow cell. The replica moulding procedure to create flow channel samples is shown in figure 5 . Two configurations were created: a 45 • surface, where the riblets are angled approximately 45 • to the flow, and a 0 • surface, where the riblets are approximately aligned with the flow. These two configurations were created in order to study the differences in beak position shown in figure 3 .
In order to create a flow channel sample, first a hydrophilic vinyl polysiloxane impression material (Take 1 R ; Kerr) was applied to a skimmer lower beak replica to create a negative sample. The impression material was chosen because of its ease of moulding and demoulding, and replication of riblet features. The impression material was applied directly to a lower beak replica using a cartridge dispensing gun with an attached mixing nozzle. A flat plate was pressed on top of the impression material and then cured at room temperature for 30 min.
Next, liquid urethane polymer (Smooth-Cast 305; Smooth-On) was poured into the negative impression replica to create a positive urethane replica. This polymer was chosen because of its ease of casting and demoulding from the impression material. After pouring the polymer, the urethane sample was cured at room temperature for 30 min, resulting in precise positive replicas. Multiple positive urethane replicas were combined in order to create a flow channel sample to fit in the flow cell. The 0 • skimmer sample required additional processing in the form of trimming and rotating in order to align riblets in the direction of flow. To create a flat surface, a similar process was followed, except the liquid polymer was cast on a flat surface. A mako surface was obtained from previous experiments [36] .
(b) Experimental set-up
The pressure drop for the samples in turbulent water flow was measured using the experimental apparatus shown in figure 6 . A top and bottom surface were combined to create a rectangular closed channel 101 mm in length. The top surface had a milled channel with a height and width of 0.7 mm and 3.2 mm, respectively. The bottom surface was either a riblet surface for drag • or 0 • skimmer surfaces. First, impression material is applied to the lower beak to create a negative replica. Next, liquid urethane polymer is poured into the impression material mould to create a positive replica. Finally, multiple urethane replicas are combined to create a longer riblet surface for testing in the flow cell. In the 0
• skimmer sample, trimming and rotating of the urethane moulds is performed to align riblets in the direction of flow. . Experimental apparatus to measure drag in a closed-channel water configuration. Drag is measured via pressure drop from a differential pressure manometer across a flow channel. The flow channel is a split rectangular design composed of a milled channel and a sample surface. Flow rate through the channel is regulated with an elevated container containing water.
measurements or a flat surface for baseline measurements. These two surfaces were aligned, sealed with gaskets and clamped into the flow channel. Water was pumped from a tank to an elevated container, and the water velocity through the flow channel was modified by changing the height of the elevated container. An overflow line was connected to the elevated container to maintain a constant water height, and, therefore, constant flow rate. Water temperature was monitored with a digital thermometer and held at a temperature of 18.5 ± 0. 
and a data acquisition card (USB-1208LS; Measurement Computing). Prior to testing, the system was calibrated using a pneumatic pressure system (RK-1600W6; Ametek).
In order to compare experimental pressure drop with theoretical calculations, the pressure drop ( p) was found using the Darcy-Weisbach formula [38] . This equation calculates the pressure drop between two points at a distance L apart in an incompressible, closed-channel, fully developed flow using the average flow velocity (V),
The friction factor ( f ) for turbulent flow was calculated with a roughness parameter (ε = 5.8 µm) chosen for a typical pipe roughness with a milling procedure. The hydraulic diameter (D) was calculated with channel height (a) and channel width (b) [38] ,
and
3)
The flow rate through the channel was used to determine the average velocity and Reynolds number (Re) [38] ,
To simulate flow over riblets, the computational fluid dynamic (CFD) software package ANSYS Fluent v.16.0 was used. This package uses the finite-volume method to solve the governing equations, which include the momentum Navier-Stokes and pressure-based continuity equations. This commercially available package contains various turbulence models employed in many studies. The package can implement parallel processing, and includes solver improvements, such as solving the momentum and continuity equations in a coupled manner [39] . In order to balance computational expense and accuracy, the large-eddy simulation (LES) model was chosen as the turbulence model. Because LES filters out the small flow-field scales and resolves the large flow-field scales using a subgrid scale (SGS), the computational expense is decreased. This filtering affects the results, but the small scales have less of an effect on the transport of mass and energy than the large scales. The large scales play a greater role in riblet drag. Thus, the mesh resolution and time step were chosen to resolve the large scales. In this work, the Wale SGS, designed to return the correct wall behaviour for wall-bounded flows, was chosen [39] .
The closed-channel, computational domain of the skimmer geometry is shown in figure 7a , where the x-, y-and z-axes denote the streamwise, wall-normal and spanwise directions, respectively. The skimmer-inspired riblet surface is the bottom wall, shown in figure 7b. The flat surface is the top wall, and both the top and bottom surfaces are prescribed with no-slip boundary conditions. The inlet and outlet surfaces and the left and right surfaces were prescribed with periodic boundary conditions to eliminate wall effects. The model height, width and length are H = 10 mm, W = 8.485 mm and L = 11.31 mm, respectively. The width and length had these values in order to have matching inlet and outlet surfaces and left and right surfaces to create a periodic domain. The computational domain was increased from the experimental set-up in order to increase the number of riblets in the spanwise direction and to better understand the mechanism.
In the streamwise direction, a constant instantaneous volume flux boundary condition was applied
where A c = HW is the cross-sectional area, V is the average velocity in the streamwise direction and V l is the centreline velocity of a laminar profile with the same volume flux. In equation (2.5), V l is two-thirds of V because of the difference between the average and maximum velocity in closed-channel flows [37] . The Reynolds number was 4200, chosen for turbulent flow and calculated using equation (2.4) where D = H/2, used with periodic boundary conditions. The solution was initialized with a laminar velocity profile with turbulence fluctuations added afterwards. The simulation was advanced until natural turbulence was developed by monitoring wall shear stresses for quasi-periodic behaviour. Next, the simulation proceeded for additional time-to-time average drag results. The simulation had a computational time step of TV l /D = 0.025, where T is the dimensional time step. The time-averaging period was at least 40 000 time steps.
Two skimmer-inspired riblet configurations were modelled. The first configuration is shown in figure 7a , with riblets at an angle of 45 • to the flow. The second configuration had riblets at an angle of 0 • aligned with the flow. The riblet dimensions were chosen based on a skimmer beak with riblet spacing of s = 2 mm and height of h = 0.15 mm. Riblet dimensions are commonly non-dimensionalized in order to compare their geometry using where the spacing s is the dimensional distance between riblets; v τ is the wall shear stress velocity, derived from kinetic energy through τ 0 = ρv 2 τ ; and τ 0 is the wall shear stress. Nondimensionalized parameters are denoted with a superscript + [6, 40] . Similarly, riblet height can be non-dimensionalized using [15] 
The dimensions of the computational domain were chosen to be large enough to include the expected scales of flow structures, such as vortices, and to be greater than the minimal flow unit. The minimal flow unit is the minimum size of a computational domain in order to model turbulent flow accurately, and has dimensions of x + ≈ 300 and z + ≈ 100 [41] . These dimensions were non-dimensionalized in a manner similar to equation (2.6). For this model, the dimensions were x + ≈ 410 and z + ≈ 310. For the 45 • skimmer configuration, an unstructured tetrahedral mesh was used in order to mesh the riblets accurately. In the wall-normal direction, 200 nodes were used with the first node located at y + ≈ 0.12 on the flat surface. In the spanwise direction, the average node spacing was z + ≈ 1.5. In the streamwise direction, 200 nodes were used for an average x + ≈ 2. Using these inputs, the model had approximately 3 million tetrahedral cells.
For the 0 • skimmer configuration, a swept mesh with a node spacing of x + ≈ 25 using 16 equally spaced nodes was used. It was possible to use this mesh because the cross-sectional area did not change, as opposed to the 45 • configuration. In the spanwise direction, the average node spacing was z + ≈ 1.8. In the wall-normal direction, 250 nodes were used with the first node located at y + ≈ 0.1 on the flat surface. Using these inputs, the model had roughly 1 million hexahedral cells.
For all models, the mesh was biased towards the riblet and flat surfaces in order to keep the first grid point at y + < 1, as required by the LES model, and to resolve the flow near the walls more accurately. The grid resolution was approximately the same on the riblet and flat surfaces for drag comparison purposes, and was finer than the recommended requirements of x + = 40 and z + = 20 suggested by the software user guide [39] .
To validate the model, turbulent flow around a square cylinder was performed and compared with computational and experimental results. The results agreed, and the model was validated for use in modelling riblet structures [23] . In addition, to validate the simulations, the nondimensional mean streamwise velocity profile over a flat surface was compared with Spalding's law of the wall, which states that the average velocity at a point in turbulent flow is logarithmically proportional to the distance between that point and the wall [42] . The law of the wall and the LES simulation were in good agreement, which validated the simulation [24] .
Results and discussion
In this section, first the experimental results for pressure drop measurements with the flow channel are presented. Then, the computational results to explain the mechanism are presented.
(a) Experimental results
In order to measure pressure drop, each sample was placed into the flow cell and tested at velocities ranging from 2 to 5 m s −1 , corresponding to turbulent Reynolds numbers ranging from 2100 to 5700. The pressure drop results are presented in figure 8 • riblet configurations for both the black skimmer and yellow skimmer and the mako shark skin. Higher pressure drop translates to higher drag; therefore, pressure drops less than the flat surface indicate drag reductions.
The samples were tested in the turbulent regime, because it was expected that riblets would not provide a drag reduction in laminar flow, similar to shark-inspired riblets [21, 43] . This principle is shown in figure 8 . As the curves approach the laminar-turbulent transition at Re = 2100, they more closely approximate the flat sample curve.
All four skimmer samples and the mako sample have a pressure drop that is less than the flat sample, which denotes a drag reduction. The mako sample had the greatest drag reduction, followed by the 45 • skimmer samples, and then the 0 • skimmer samples. Because the black and yellow skimmer beaks have similar riblet structures, there was not a significant difference between their pressure drop curves with the same configuration. Because the skimmer configuration was more important than the species, the curve fit for each configuration will be used to show results and will be referenced as black or yellow skimmer data. In general, the pressure drop percentage increased as Reynolds number increased. At a Reynolds number of 5500, the pressure drop percentages, calculated using the curve fit, were approximately 6%, 12% and 19% for the 0 • skimmer, 45 • skimmer and mako samples, respectively.
From these results, we thought that 45 • riblets give a drag reduction benefit over 0 • riblets due to the geometry of vortices. Typical vortex dimensions have diameter d + = 30-40 [24, [44] [45] [46] [47] and length + = 100-200 [24, 48, 49] . Because a vortex has a length around five times longer than the diameter, it is more likely to be lifted from the riblet surface when the riblets are angled. With angled riblets, a vortex could sit on top of multiple riblets. However, in aligned riblets such as the 0 • configuration, the vortex diameter becomes a more important parameter. Because the diameter is smaller than the length, the vortex could now fall down into the riblet spacing. The mako shark could give much greater drag reductions because, with smaller riblet spacing, vortices could be lifted on both the diameter and length parameters. • skimmer surface, riblets had a non-dimensional spacing s + = 73 and height h + = 5.5. Riblets can help lift vortices from the surface, decreasing drag; however, because vortices have diameter smaller than the spacing, vortices can also fall into riblet valleys. [25] .
In order to further explore the mechanism, a computational study was performed. Owing to the flow cell geometry, vortices were unable to be viewed. However, using a simulation the interaction between vortex structures and a riblet surface could be viewed. 
(b) Computational results
The 0 • and 45 • skimmer configurations were modelled in order to understand the drag reduction mechanism. After completing the simulation, the time-averaged percentage drag change was calculated. The percentage drag reduction was 2.8% and 3.9% for the 0 • and 45 • skimmers, respectively. The mako drag reduction taken from the shark-inspired surface from Martin & Bhushan [25] showed a drag reduction of 4.5%. The computational drag reduction and experimental pressure drop percentages are shown in table 2. The experimental pressure drops have greater percentages than the computational drag reduction. One explanation is that periodic boundary conditions were used, which removed wall effects from the simulation. In the experimental study, the walls helped lift vortices in the corners between the riblet surface and the side walls, which could decrease drag.
By comparing vortex images on the y-z planes of the simulations, vortex locations could be compared. Figure 9 shows typical vortices on a flat and 0 • skimmer surface with the flow into the image through velocity vectors and vorticity. Figure 9a shows a vortex on the flat surface that creates high shear stress and drag. By lifting these vortices from the surface, drag reductions can be obtained. • riblets for low-drag properties. Angled riblets are more likely to lift vortices, whereas aligned riblets are more likely to have vortices that fall into riblet valleys. Lifting vortices from a surface leads to low drag.
spacing of s + = 73 is larger than the typical vortex diameter of d + = 30-40. With a vortex diameter smaller than the spacing, some vortices fall down into riblet valleys. However, some vortices were also lifted from the surface and rested on the tips of the riblets. Because the riblets do not protrude very far into the flow (h + = 5.5), the vortices are less affected by the higher velocity flow away from the surface. This situation allows for some vortices to rest on top of the riblets. In addition, because the riblets are not very high, the surface area does not drastically increase, adding significant drag. These two factors helped lead to a drag reduction for the 0 • skimmer configuration.
In order to understand the drag reduction mechanism with the 45 • skimmer configuration, an isometric image of the riblet surface is shown in figure 10a . The image shows two y-z planes at two different locations on the surface. In these planes, a vortex is shown being lifted by riblets and not falling into the gap in between. The detail images (figure 10b) show velocity vectors and vorticity on these planes. The distance between the riblets in the flow direction is √ 2 s + = 103, which is on the lower range for vortex length. Because vortices are generally longer than the riblet gap, they are lifted from the surface, creating a drag reduction. Riblets do not need to lift a vortex at all points along its length, but only at some points along its length in order to generate a drag reduction. Because vortices are lifted on their length parameter, the 45 • skimmer configuration has larger drag reduction results than the 0 • skimmer configuration. Riblets at a 90 • configuration or perpendicular to the direction of flow were not explored, because skimmers do not have this riblet orientation. It is expected that a 90 • configuration would result in a drag increase due to the increase in pressure drag.
Conclusion
Researchers are looking for methods to reduce drag for applications in transportation and industrial fields. Nature has provided inspiration for drag-reducing surfaces. Shark-inspired geometries have been shown to reduce drag through riblets, microscopic grooves aligned parallel to fluid flow. Riblets with spacing smaller than the vortex diameter can lift vortices, which are responsible for large shear stresses and drag. In this work, the riblet structures found on the beaks of black and yellow skimmers were studied experimentally and computationally for drag reductions in 0 • and 45 • configurations. Using a differential pressure manometer, drag on skimmer replica surfaces was measured and compared with a flat surface and a mako surface. Using computational modelling, the mechanism of drag reduction for skimmer-inspired riblets was explored for both configurations. The skimmer surfaces showed pressure drop reductions of 6% and 12% at a turbulent Reynolds number of 5500 for the 0 • and 45 • configurations, respectively. A greater pressure drop reduction of 19% was obtained using the mako shark, probably due to the smaller spacing between riblets. A smaller riblet spacing means more vortices are able to be lifted from the surface. Through computational modelling of the configurations, the mechanism of drag reduction was explored. In the 0 • configuration, with a riblet spacing larger than the vortex diameter, vortices were able to fall down into riblet valleys. However, some vortices were lifted from the surface due to a riblet height that allowed for vortices to rest on top of a riblet. With at least some vortices being lifted, a drag reduction resulted. In the 45 • configuration, vortices were lifted on subsequent riblets and did not fall into the gaps, because a vortex has a length longer than the riblet gap. This mechanism of lifting vortices in the 45 • configuration is shown schematically in figure 11 . This 45 • configuration resulted in greater drag reductions than the 0 • configuration.
Riblet structures found on black and yellow skimmer beaks have been shown for the first time to provide drag reduction. Reducing drag in skimmers may help these birds catch small fish and crustaceans when feeding. Similar riblet structures could be applied to reducing drag in other applications, such as transportation and other industries.
Competing interests. We declare we have no competing interests. Funding. This work was supported in part by an allocation of computing time from the Ohio Supercomputer Center.
